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Introduction
4 potential functional consequences (21) (22) (23) (24) (25) (26) . Candidate gene-association studies investigated these genetic variants in relation to PrCa risk and showed significant associations for variants in different genes such as SOD2, PON1, GPX1, NOS2A, NOS3, and hOGG1 (21) (22) (23) (24) (25) (26) . Genome-wide association studies of PrCa, however, have not identified risk variants in major oxidative stress-related genes (27) . Besides having a main effect on PrCa risk, oxidative stress-related gene variants may also interact with pro-and antioxidant exposures and potentially modify their effects. This has been investigated in a small number of studies that focused on specific a priori defined gene−environment interactions. These studies have produced statistically significant results including the interactions between SOD2 and selenium (28) , SOD2 and iron (16) , and hOGG1 and α-tocopherol (25) .
In the present study, we evaluated 14 genetic variants in oxidative stress-related genes. The gene variants are single nucleotide polymorphisms (SNPs) reported in prior studies to have either a functional effect or an association with PrCa risk. We investigated associations between these SNPs and advanced PrCa risk and examined potential gene−environment interactions with major pro-and antioxidant exposures. We specifically studied advanced PrCa, which is a subtype of PrCa associated with a poor prognosis that is, therefore, clinically relevant (29) . 
Materials and Methods

Study population and design
The prospective Netherlands Cohort Study included 58,279 men, aged 55 to 69 years at baseline in September 1986. Study participants completed a baseline questionnaire on dietary habits, lifestyle, health, and several other potential cancer risk factors (30) . Approximately 81% of cohort members provided toenail clippings from all ten toes, which were used to determine toenail selenium levels and to isolate DNA for genotyping. Cancer cases were identified by annual record linkage to the Netherlands Cancer Registry and the Dutch Pathology Registry (31) . The completeness of follow-up through linkage with these registries was assessed to be at least 96% (32) . The Netherlands Cohort Study employs the case−cohort design (33) ; cases are derived from the entire cohort and the persontime experience is estimated from a subcohort randomly sampled from the full cohort at baseline (n = 2,411). All participants with prevalent cancer other than skin cancer at baseline were excluded (approximately 3%). (34) . In the present analysis we specifically evaluated advanced PrCa (International Union Against Cancer, stage III and IV (34)), which included tumors with T3−4, N+, or M1 at diagnosis (n = 1,290; Figure 1 ). Stage IV PrCa is a subset of advanced PrCa and was stage T4, N+, or M1 at diagnosis (n = 817). A number of cases had missing data on tumor stage (n = 235) and were excluded from the analysis.
DNA isolation, gene variant selection, and genotyping
DNA was isolated from available toenail samples using a phenol-chloroform extraction (23, 35) . We previously showed that toenail samples are a long-term stable source of DNA for genotyping (35) .
The minimum amount of toenail material required for DNA extraction was 4 mg and we excluded participants who provided less. Toenail DNA was successfully isolated for 1,030 cases and 1,885 subcohort members (>99.9% successful DNA isolation; Figure 1 ).
We selected single nucleotide polymorphisms (SNPs) in oxidative stress-related genes reported in prior studies to have a functional effect (e.g., altered gene expression or enzyme activity) or an association with PrCa risk. The following SNPs were selected: CAT rs1001179 (36), GPX1 rs17650792 (39) , and SOD2 rs4880 (21) . Selection of genetic variants was restricted to those with a minor allele frequency of at least 10%. MPO rs2333227 was not included in the final SNP selection because it was not possible to design unique primers for the SNP given the other SNPs selected in our study. 
Exposure assessment
A baseline food frequency questionnaire (FFQ) was used to assess dietary pro-and antioxidant intake (40, 41) . The FFQ was part of a larger questionnaire that also included questions regarding various other factors such as lifestyle, family history of cancer, and health. We selected and studied the major dietary antioxidant nutrients: β-carotene, lycopene, catechin, vitamin C, and vitamin E (intake in mg/day); and the major pro-oxidant factors: heme iron (intake in mg/day), alcohol (intake in g/day), and smoking status (never, former, current) (17) . We also evaluated an antioxidant score (AOS) and oxidative balance score (OBS), which have been investigated in previous studies (17) . In our study, the AOS is the sum of quartile scores (Q1 = 0; Q2 = 1; Q3 = 2; Q4 = 3) of intake of β-carotene, lycopene, catechin, vitamin C, and vitamin E. The OBS additionally includes heme iron intake (Q1 = 3; Q2 = 2; Q3 = 1; Q4 = 0), alcohol consumption (abstainer = 3; 0.1−4 g/day = 2.25; 5−14 g/day = 1.5; 15−29 g/day = 0.75; ≥30 g/day = 0), and smoking status (never = 3, former = 1.5, current = 0); these prooxidants are scored in the opposite way to the antioxidants.
The FFQ was validated and tested for reproducibility. Comparison with a 9-day dietary record showed that it was able to rank subjects adequately according to intake of the food groups and nutrients investigated (40) . The FFQ was also found to be a good indicator of nutrient intake over a period of at least 5 years (41) . Concentrations of specific nutrients in foods and beverages were derived from food composition tables based on data gathered in the Netherlands (17, 42) . We excluded participants with incomplete or inconsistent dietary data, according to criteria described previously; 903 advanced PrCa cases and 1,707 subcohort members had complete genotyping and dietary intake data ( Figure 1 ) (40).
Toenail selenium measurements
Selenium concentrations were measured in toenail samples using instrumental neutron activation analysis of the 77m Se isotope (11, 12) . 
Statistical analysis
The risk of advanced (stage III/IV and IV) PrCa in relation to oxidative stress-related genetic variants was assessed by age-adjusted Cox proportional hazards regression models. The SNPs were analyzed under a co-dominant and log-additive genetic model. The standard errors were estimated by using the robust Huber-White sandwich estimator to account for additional variance introduced by sampling from the cohort (43) . The proportional hazards assumption was tested using the scaled Schoenfeld residuals (44) . In none of the analyses the proportional hazards assumption was violated.
The associations between the three GPX1 SNPs (rs17650792, rs1800668, and rs3448) and advanced PrCa risk have been reported previously by our group (23) , and are therefore not part of the present analysis.
We tested for multiplicative interactions between pro-and antioxidant exposures (quartiles or categories) and genotypes (dominant model) on advanced PrCa (stage III/IV and IV) risk by using cross-product terms in the regression models and the Wald statistic. Exposure quartiles were based on the distribution of the variable in the subcohort. We used a dominant genetic model to increase study power, unless there was evidence of a recessive association in our study or previous studies.
Interactions between GPX1 SNPs (rs17650792, rs1800668, and rs3448) and toenail selenium levels height (cm), diabetes (type I or II, yes/no), education level (primary school, lower vocational, high school, higher vocational/university), and intakes of energy (kcal/day) and calcium (g/day). These variables were identified as confounders when adding them, one at a time, to the age-adjusted model changed the point estimates by at least 10%, which was the case for none of these variables.
To account for multiple statistical testing when identifying gene−environment interactions (total number of tests performed = 302) we calculated false discovery rate (FDR) Q-values (45, 46) . The FDR Q-value represents the expected proportion of false-positive results when testing for significance.
FDR Q-values are calculated by multiplying the P-value for interaction (calculated from each test from regression models) by the number of tests performed; and then dividing the multiplication by the rank order of each P-value (where rank order 1 is assigned to the smallest P value) (46, 47) . We calculated an FDR Q-value for each pro-and antioxidant-specific interaction accounting for the total number of SNPs under investigation. We used an FDR Q-value threshold of 0.20, which has been suggested for candidate gene studies (46) . A more stringent threshold is often used in genome-wide association studies, which typically do not use prior (mechanistic) information to select candidate genes (48) . In this manuscript we presented SNP−environment interactions with a P for multiplicative interaction <0.05. For each statistical interaction we report the FDR Q-value and the hazard ratios (HRs) from the stratified analysis using a single reference category (lowest quartile or category of exposure and the common homozygote genotype).
All tests were two-sided with a P-value <0.05 considered to be statistically significant. Analyses were performed using STATA software (release 12, STATA Corporation, College Station, TX). Table 1 shows the baseline characteristics of advanced PrCa cases and subcohort members.
Results
Compared with subcohort members, cases were more likely to have a first-degree relative with PrCa and less likely to have a history of diabetes. Table 2 
Discussion
In this large prospective study we evaluated oxidative stress-related genetic variants in relation to advanced PrCa risk and examined potential interactions with pro-and antioxidant intake and status.
The study showed an association between CAT rs1001179 and advanced PrCa risk. Marginal associations were not observed for any of the other tested SNPs. Of the observed 15 multiplicative gene−environment interactions, 7 retained significance after multiple comparison adjustment using an FDR Q-value threshold of 0.20. These interactions were on either stage III/IV or stage IV PrCa risk and involved intake of β-carotene (GPX1, hOGG1), catechin (SOD2), and heme iron (GPX1 (two SNPs),
hOGG1, SOD1).
Catalase is an endogenous antioxidant enzyme that neutralizes hydrogen peroxide, a type of ROS, by converting it to water and oxygen (4) . The enzyme plays an integral role in antioxidant defense against oxidative stress. CAT rs1001179 (A/G; also known as -262 C/T) is a common polymorphism located in the promoter region of the gene (49) . A number of studies investigated associations between CAT rs1001179 and risk of cancer but mostly reported null findings (26) . Only few studies investigated this SNP in relation to PrCa risk. In a nested case−control study (533 cases and 1,470 controls), Choi et al. showed no association between the SNP and overall PrCa risk (36) .
Recently, however, a small case−control study of PrCa in Turkey (155 cases and 195 controls) showed that CAT rs1001179 was associated with overall PrCa risk; men with the homozygote rare genotype compared to the homozygote common genotype had an HR of 1.57 (95% CI = 1.09, 1.71) (50) . The authors also showed that among PrCa cases the homozygote rare genotype was associated with advanced stage disease. Our analysis provides evidence of a role for CAT rs1001179 in PrCa by showing that the rare allele of the SNP was associated with increased risk of advanced PrCa. This finding is biologically plausible because the rare allele of CAT rs1001179 has been associated with lower catalase activity (51) . A reduced catalase activity may result in deficient antioxidant protection against oxidative stress, which could potentially translate into a higher risk of developing PrCa. Our We found no evidence of a marginal association for the ten other SNPs investigated. This is striking because we selected candidate SNPs that have been associated with PrCa risk in previous studies. The different outcome may result in part from the fact that we investigated advanced PrCa and the prior studies mostly investigated overall PrCa.
The significant gene−environment interactions (on stage III/IV or IV PrCa) in our study involved intake of β-carotene (GPX1 rs17650792, hOGG1 rs1052133), catechin (SOD2 rs4880), and heme iron (GPX1 rs1800668 and rs3448, hOGG1 rs1052133, SOD1 rs10432782). These interactions, which have not been reported before, met the FDR Q-value <0.20 criterion. The risk pattern of the interactions was unclear and could not be interpreted in terms of a dose−response relationship. We observed a significant altered risks for men in the third quartile of β-carotene and heme iron intake (GPX1, hOGG1) and evidence of a genotype effect (hOGG1, SOD1) for men with low heme iron intake. None of the statistical interactions showed a dose−response pattern that involved a distinct decrease or increase in risk over exposure categories. A number of epidemiological studies investigated associations of these nutrients (intake or levels) with PrCa risk; and they generally do not support an association for β-carotene or heme iron (8, (16) (17) (18) . Although our group previously showed that higher catechin intake was associated with lower risk of advanced PrCa (42) , few other studies investigated the relationship and they generally do not support an association (42) . Given the limited evidence of an association between these dietary nutrients and (advanced) PrCa risk, as well as that few other studies comprehensively evaluated oxidative stress-related genetic variation in relation to pro-and antioxidant exposure and PrCa risk; the positive results in this study require replication. but not the other. The first interaction was between selenium levels and SOD2 rs4880 on stage III/IV PrCa risk and involved a 56% lower risk for men carrying the C allele in the highest quartile of selenium. This interaction has been reported previously in a nested case−control study in the Physicians' Health Study, showing a similar risk pattern as in our study (28) . The interaction is supported by mechanistic data and possibly results from an enzyme imbalance between SOD2 and GPX, which is selenium-dependent and removes hydrogen peroxide produced by SOD2 (28) . The second interaction was between catechin intake and GPX1 rs17650792 on stage IV PrCa risk and involved a 62% lower risk for men with the homozygote AA genotype in the highest quartile of intake. As far as we know, there is no mechanistic data supporting this novel interaction.
Oxidative stress has been hypothesized to play an important role in PrCa (6, 7 The most important strengths of our study include its prospective design, population-based approach, and long and nearly complete follow-up of the study population through linkage to cancer registries. We specifically evaluated advanced stage PrCa because these cancers have a poor prognosis and are therefore clinically relevant (29) . Intake of selenium cannot be accurately estimated via an FFQ because of variations in the selenium content of soil and concomitant variability in the selenium content of foods (10) . We therefore used toenail selenium for exposure monitoring, which reflects long-term selenium intake (10).
Our study has some limitations. First, measurement of dietary intake using questionnaires may result in misclassification and potentially attenuated risk estimates, even though the study participants under study (aged 55 to 69 years) had relatively stable diets. Furthermore, we used a baseline exposure measurement only in combination with long-term follow-up for cancer incidence (17.3 years). Second, for most genes in our study we only selected 1 or 2 SNPs and we may therefore have potentially missed important SNPs that modify advanced PrCa risk.
In conclusion, this large prospective study on advanced PrCa risk showed an association with a CAT polymorphism and identified seven novel statistically significant gene−environment interactions.
Additional well-powered gene−association studies are needed to confirm these findings. 
